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Two-phase flow dynamics are highly complex, due to the strong coupling of various independent mechanisms and as demonstrated
by the existence of a variety of flow patterns. The adoption of appropriate tools for nonlinear time series analysis tools may lead
to a deeper insight in this complexity but requires high quality time series. This study describes a procedure appositely assessed in
order to realise an impedance void fraction sensor of resistive type characterised by high-spatial and -temporal resolution. These
characteristics have been accomplished through an appropriate geometrical design of the probe electrodes, aiming at obtaining a
thin measurement volume so to improve the probe spatial resolution, and through the electronic assessment of the data acquisition
system, improving its temporal resolution. A new calibration procedure has been also defined, based on an estimation of void
fraction through a code for automatic extraction of bubble contours and the correction of image distortions.

1. Introduction

Gas-liquid two-phase flows in pipes are at the basis of a wide
variety of heat and mass transfer applications, ranging from
power generation to chemical, processing, and oil plants.
This kind of flows is characterised by high complexity, as a
consequence of the strong coupling of several mechanisms
and of the dependence on various factors, the most impor-
tant of which are the differential action of gravity on the
two-phases and the effect of shear and surface tension forces
at their interface. In particular, depending on the hydro-
dynamic equilibrium at the interface between the two phas-
es, several different flow patterns can be identified, each
of which can be characterised in terms of the peculiar
distribution of the two phases and of pressure drop. The type
of flow pattern represents one of the fundamental factors
governing the dynamics of two phase systems; therefore, flow
patterns identification and classification are of primary im-
portance for both engineering design purposes and for the
monitoring of applications involving two-phase flows.

Though several different names and classifications have
been proposed by researchers, some flow patterns have been
recognized as typical and reported in several classifications,
such as works in [1–5]. For the case of vertical pipes consid-

ered in the present study, the basic flow pattern classification
distinguishes between bubbly, slug, churn, and annular flow.

In the bubbly flow small diameter gas bubbles are dis-
persed in the liquid phase. The main characteristic is
that coalescence phenomena, though present, are unable to
produce gas bubbles occupying the pipe section, as it hap-
pens in the slug flow.

The slug flow consists in an intermittent flow of Taylor
bubbles alternated to liquid slugs. Moreover, the liquid slugs
can be aerated or not, as a consequence of the entrainment
of small gas bubbles. The respective flow rates of the two
phases are determinant for the development of the bubble,
which may range from very short to elongated, depending
on the relative importance of the three main parts in which
the bubble can be subdivided. These are

(i) the head region, where the fraction of the pipe sec-
tion occupied by gas rapidly grows from zero to ap-
proximately the whole section, that is, except for the
thin liquid film separating the gas from the tube wall;

(ii) the central region, where the pipe section is mainly
occupied by the gas phase, again except for the
liquid film at the wall, which is often subjected to
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longitudinal oscillations, especially if the central re-
gion is sufficiently developed;

(iii) the tail region, where the gas occupying the pipe
section abruptly falls to approximately zero, that is,
except for the shedding of relatively small bubbles in
the liquid slug that follows the Taylor bubble.

Depending on the development of the central region of
the bubble, it is possible to draw a main distinction in the
class of slug flow. In particular, cap flow occurs when the
head and tail regions of the bubble are consecutive and no
central region can be distinguished. Cap flows usually occur
at relatively low values of the gas mass flow rate; therefore,
the cap-shaped bubbles are usually separated by long liquid
slugs. In the proper slug flow, the axial development of the
head, central, and tail regions of the bubble is comparable,
whereas the plug flow is characterised by elongated Taylor
bubbles, that is, it occurs when the extension of the central
region is markedly predominant with respect to the head
and tail regions. The distinction between slug and plug
flow remains somewhat controversial; nonetheless, plug flow
occurs at relatively higher values of the gas mass flow rate
and, therefore, the liquid slugs separating the gas plugs are
usually shorter and more aerated than those separating the
gas bubbles in slug flow.

The churn flow is a highly turbulent flow that occurs
for higher values of the gas mass flow rate. In this flow
pattern, the waving liquid film still drains down the wall,
as in elongated Taylor bubbles, but occasionally bridges the
tube wall forming short and highly aerated slugs. Finally, the
annular flow consists of a thin annular film of liquid on the
tube wall on which small ripples, occasionally interspersed
with large disturbance waves, flow in a regular manner along
the tube wall. These flow patterns occur when the gas mass
flow rate is high enough to guarantee the stability of the
liquid-gas interface.

The characterization of the various flow patterns can be
performed on the basis of the analysis of void fraction-related
signal fluctuations. In fact, under normal gravity conditions,
the void fraction represents the most important variable for
the description of the distribution of the two-phases within
the pipe section, and is therefore a fundamental parameter
for the identification and classification of the flow regime.
The accuracy of the classification strategy strongly depends
on the spatial and temporal resolution of the technique
adopted for the measure of the void fraction. Several of these
techniques have been proposed; the most common are based
on the measure of the electrical impedance of two phase
mixtures [2, 6, 7], of the optical scattering of the interface
between the two phases [8], or of the pressure difference
observed along a specified piece of the pipe [9].

The design of optical sensors allow to perform local
measurement but is severely affected by disturbances caused
by the nonlinearity of the scattering on curved interfaces;
therefore, in general, the quality of their experimental time
series is very poor. In contrast, differential pressure sensors
are not sensitive to phenomena induced by the curvature of
the interface between the two phases but cannot be designed
in order to obtain a reliable local measurement, as they

require the two pressure tips to be placed at a sufficient dis-
tance along the pipe axis. Moreover, the structure of the time
series of neither optical nor differential pressure sensors can
be directly related to the physical distribution of the two
phase within the flow pattern.

In contrast to the previous studies, impedance measure-
ments seem to be particularly reliable [8]. They are non-
intrusive and, most important, less dependent both on
internal disturbances and external factors. Two main classes
of impedance sensors have been proposed in the literature:
resistive sensors [2, 6, 10, 11] and capacitance sensors [7,
9]. This kind of sensors presents some relevant advantages
with respect to the previous. In particular, a strong corre-
spondence exists between the shape of the oscillations of
the experimental time series and the physical distribution
of the two phase within the pipe section for the various
flow patterns; this is remarkably verified for flow patterns
characterised by pulsations of a relatively stable nature, such
as, for example, for cap, slug, and plug flows, but also for
annular flows with a wavy liquid film at the pipe wall. On the
basis of this correspondence, for example, the identification
of the passage of a bubble through the measurement volume,
as well as its shape and length, is clearly reported in the
time series. A second important advantage, partly depending
on the previous, is the minor influence of secondary noisy
phenomena, such as the dynamics of small gas bubbles
dispersed in the liquid phase, which instead sensibly reduce
the quality of the time series of both optical and differential
pressure sensors.

In addition to the intrinsic complexity of two-phase
flows, it is difficult to compare results of reported exper-
iments due to limited information on measurement tech-
niques as well as on calibration and validation procedures.
In particular, the QCVs calibration procedure [2, 7] does
not appear appropriate for instantaneous local void fraction
measurements (i.e., measurements detected in a portion of
the pipe sufficiently short to be reliably approximated to a
section). In fact, this technique offers an exact measurement
of the void fraction by trapping a portion of the flow in
a clear tube. The relative amounts of air and water in the
tube can then be directly measured to obtain a void fraction
value to be compared to the mean value of the void fraction
time series measured from the sensor over a time interval
corresponding to the valves distance. If the closing time of
the valves is less than 0.01 s the experimental error can be
neglected [7]. In addition, the portion of the pipe between
the two valves must be long enough to neglect the internal
volume of the two valves. On the other hand, the QCVs
approach does not allow the estimation of a local value
of the void fraction; in other words, this value cannot be
directly correlated with the time series measured by the
sensor, but only with its mean value evaluated in a time
window specified as the ratio between the axial length of
the calibration section (i.e., the distance between either the
QCVs or the pressure tips) and the flow pattern characteristic
velocity.

The aim of the present study is to present a probe
for void fraction measurement and the procedure used for
its calibration. In particular, an impedance sensor of the
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resistive type has been specifically designed and realized with
the aim of achieving high-spatial and temporal resolution.
Such resolution is considered fundamental in view of the
future adoption of non-linear time series analysis techniques
for advanced characterization of the dynamics of two-phase
flows. The proposed calibration procedure is based on the
estimation of the void fraction directly from high resolution
photos. The following section is devoted to the description
of the experimental setup and is followed by the description
of the characteristics of the sensor, the calibration procedure
and the experimental campaign, reproducing the main flow
patterns families and allowing to test the performance of the
system.

2. Experimental Apparatus

Figure 1 represents a scheme of the experimental apparatus
set up for the present study.

The liquid is supplied by means of a pump connected to a
reservoir. The liquid flow rate can be varied up to 150 L/min
by means of a series of valves and bypasses placed at the outlet
of the pump. An electromagnetic flow meter is used in order
to measure the velocity and the mass flow rate of the water.
The liquid is distilled water with sodium chloride (1.5 g/L)
in order to assure satisfactory conductivity. The temperature
of the water in the reservoir has been maintained at 22◦C
(±0.2◦C) in order to avoid the influence of temperature
variation on conductivity measurement.

The air line is constituted from a pressure regulator (0–
8 bar) and three air flow meters that can regulate the air flow
rate in the range 0–200 L/min. The air is supplied to the
mixing chamber by a pressurised tank fed by a compressor.

In order to allow the inspection of the flow pattern, the
test section is constituted by a transparent vertical pipe of
length 3 m and diameter 0.24 m. At its basis there is a mixing
chamber that connects the liquid and air lines. In order to
allow the degassing of the working fluid an open tank is
placed on top of the vertical pipe.

Two void fraction probes are placed at a distance of 5 cm
from each other; the lowest of them is at 2.40 m from the
mixing section, that is, at a distance greater than the entrance
region (assumed 80 times the pipe diameter [12]) in order
to assure a well-established flow regime at the measurement
section. The two probes permit to estimate the velocity of
bubble during the calibration procedure. A reference probe
is placed upstream the mixing chamber on the liquid line.
All the probes are connected to an electronic circuit and an
appropriate data acquisition system.

2.1. Design and Calibration of a Void Fraction Resistive Probe.
If a significant difference exists in the electrical properties
of the two phases, the volume fraction of one of the phases
in a two-phase mixture can be determined by measuring
the mixture impedance. The impedance is made up of both
resistance and capacitance; therefore, a main point in the
design of an impedance void fraction sensor is the choice of
the excitation frequency, which determines the dominance of
the resistive or capacitive behaviour.

Open tank

Air flow meters

Pressure
regulator

Measurement
probes

Reference probe
Mixing chamber

Water
flow meterValves

Water reservoir

Pump

Compressor

Figure 1: Experimental apparatus.

A mathematical model of an impedance probe can be
briefly described as follows [13]. The impedance of a flow
medium, Z, can be measured by two electrodes and can be
expressed as

Z
(
f
) =

⎡

⎣ 1

R +
(

1/i2π f Cp

) + i2π f Cd

⎤

⎦, (1)

where R is the fluid resistance, Cp is the capacitance due
to the polarization of the fluid molecules at the electrodes,
Cd is the dielectric capacitance of the fluid, and f is the
excitation frequency at the electrodes. In the case of a two-
phase mixture, R is a variable that depends on the difference
of conductivity of the two phases (e.g., water and air for the
present study). If the conductivity and the dielectric constant
of the less-conductive phase (air) can be assumed negligible
with respect to those of the conductive phase (water), Cp

depends on the dielectric constant of the conductive phases
whereas Cd is a function of the difference in the dielectric
constants of the two phases, of the excitation frequency
and of the void fraction. Therefore the void fraction can
be determined by measuring either the resistance R or the
capacitance Cd and, therefore, impedance sensors are usually
classified as either conductive or capacitive sensors.

When the conductivity of the conductive phase is large,
the measurement of capacitance Cd requires the use of
high excitation frequencies (over 1 MHz), in order to mini-
mize the role of the resistance and eliminate the parasitic
capacitance caused by polarization at the electrodes, as well
as to reduce the effect of external disturbances on the
measurement system. Nonetheless, in order to overcome
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complications in the electronics associated to high excitation
frequencies, the measure of the resistance is preferred. In
this case the influence of Cd on measured impedance can be
minimized by keeping the excitation frequency in a range
depending on the electrical properties of the conductive
phase. When water is considered as conductive phase such a
range is 10–100 kHz. The choice of values higher than about
15 kHz is preferred in order to eliminate the role of parasitic
capacitance Cp.

The sensor that has been designed and realised for the
present study is schematised in Figure 2. The probe design
is similar to that proposed in [2, 14, 15]. It is made up by a
pair of measuring electrodes that have been realised by means
of gold-plated wires with a diameter of 0.6 mm forming two
half rings facing one another, each spanning an arc of 90◦. In
addition, two pairs of gold-plated guard electrodes (identical
to the previous) have been placed at a distance of 1 mm
from the measuring pair on both its sides and maintained
at the potential of the corresponding measuring electrodes.
All the electrodes have been flush-mounted, in order to avoid
disturbing effect on the flow.

The criterion of geometrical design has been chosen in
order to minimise the measurement volume. In fact, the
axial length of the measuring electrodes can be neglected
with respect to the pipe diameter so that the measurement
volume can be approximated to the pipe transversal section.
This means that the proposed electrode design allows the
observation of local two-phase phenomena on the pipe
section, ensuring higher spatial resolution than that obtained
by other geometries of analogous sensors [16, 17]. It is
worth observing that the sensor does not produce accurate
measures of small-scale void fraction variations, in particular
those characterised by a length scale below 0.6 mm. Such
phenomena are typically associated to either dispersed
bubbles, occurring both in the bubbly flow and in regimes
characterised by aeration of the liquid phase, or the high-
frequency and low-amplitude components of the oscillations
in wavy liquid films.

The probe has been operated in the resistive range. In
fact, a carrier frequency of 20 kHz has been supplied by an
external sine wave oscillator to both a measurement and
a reference probe. The latter is a sensor identical to the
measurement one that has been placed along the water line,
as shown in Figure 1, in order to allow the elimination of the
drift in void signals caused by possible changes in electrical
properties of the flow medium.

Figure 3 shows the circuit used for signal processing. The
instrumentation amplifier ensures high-dynamic response
and perfect decoupling of the electronic circuit from the
measuring section. The gain can be regulated by varying the
RG value. The amplified output is applied to the electronic
rectifier. A cut-off frequency of 200 Hz has been adopted in
order to remove the carrier frequency and to avoid aliasing
with the sampling frequency. The final output is sent to a
PC-based data acquisition system at the sampling rate of
1000 Hz, to allow the recording of the main void fraction
fluctuations expected in the experiments.

In order to relate the resistive probe measurements
directly to the actual instantaneous local void fraction, the

calibration of the resistive sensor has been performed by
comparing the value of the two-phase mixture conductivity
measured by the sensor with the local diameter of the
bubble as estimated by pictures taken by means of a high-
resolution camera. In this way each point of the impedance
time series describing the passage of a gas bubble has been
correlated with the fraction of air occupying the pipe section.
The estimation of the local bubble diameter requires the
consideration of image distortion phenomena, deriving from
the simultaneous presence of refraction and reflection at the
curved pipe walls and of the liquid film around the bubble.
Under the assumption of symmetric axial distribution of the
interface between the two phases, which approximately holds
for most of the flow patterns, distortion phenomena have
been simultaneously estimated leading to the assessment of
the correction function reported in Figure 4, which allows to
evaluate the actual bubble local diameter.

After the determination of the correction function, it has
been possible to calibrate the sensor response through the
estimation of the instantaneous local bubble diameter from
pictures taken by a high-resolution camera focused on the
portion of the pipe immediately before the resistive sensor.

During the calibration procedure, the experimental
apparatus has been operated setting up the air and water
flow rates within the range of stability of the slug flow. After
that the regime condition has been established in the system,
the time series corresponding to the passage of a bubble
through the measuring section of the resistive sensor has
been recorded and compared with the synchronized picture
of the bubble.

A code has been developed in order to process the
pictures, performing the automatic extraction of the bubble
contour and the correction of distortions. The code output is
the spatial distribution of the void fraction along the bubble,
which is related to the temporal distribution of the void
fraction measured by the resistive probe by means of bubble
velocity. The velocity value has been determined through
the evaluation of the delay in the crosscorrelation function
between the time series measured by two resistive probes
placed at known distance (5 cm).

Figure 5 allows to compare the resampled time series of
the resistive probe and the samples of the local void fraction
as estimated from the measure of the bubble diameter. In
this way each piece of the time series of the resistive probe,
describing the passage of a bubble, has been correlated with
the instantaneous value of the fraction of air flowing through
the pipe section.

This procedure has been repeated for several samples
and results have been summarized in Figure 6, by plotting
the void fraction versus the conductance time series. Finally,
the calibration curve reported in Figure 7 has been obtained
as the seventh-order polynomial curve interpolating the
estimated void fraction for several bubbles.

2.2. Experimental Tests. After the sensor characterization an
experimental campaign has been performed. In particular,
a series of tests has been carried out by varying the air and
water mass flow rates, in order to identify the main types
of flow patterns through the analysis of void fraction time
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series measured by the resistive probe. Table 1 shows the
various operating conditions of the performed tests. Under
these conditions different flow patterns have been observed
to characterize the two-phase flow in the pipe.

In particular, for the sake of the result presentation,
Table 2 reports the correspondence that has been established

between typical flow patterns as reported in [2] and a
restricted selection of testing conditions in Table 1.

3. Void Fraction Time Series Analyses

This section reports the results of the preliminary analyses
of the experimental time series detected by the void fraction
probe. The aim of these analyses is to verify the capability of
the void fraction sensor to deal with the time evolution of the
complex dynamical phenomena governing the distribution
of the two phases under the various flow patterns. For
synthesis, results will be discussed only for the experimental
conditions reported in Table 2, chosen as representative of
the main classes of flow patterns. Nonetheless, reported
considerations have been found to be of general validity for
the entire set of conditions detected during the experimental
campaign.

At first, the experimental void fraction time series have
been analysed in the time domain, as reported in Figure 8.
An important observation on the quality of these time series
concerns the substantial lack of noise which, on the other
hand, usually affects the experimental results reported in
literature [2, 8, 15, 18]. At the same time, the temporal
evolution of the experimental time series appears sufficiently
smooth, that is, the acquisition frequency of the void fraction
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Figure 5: Comparison between the time series of the sensor (a) and the local void fraction estimation (b) obtained processing the picture of
the bubble (c).
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Figure 6: Calibration data for several bubbles detected under
different operating conditions.

Table 2: Selection of testing conditions corresponding to typical
flow patterns.

Flow pattern ṁWater (lit/min) ṁAir (lit/min)

Bubble 30.60 1

Cap 10.98 1

Slug 2.40 1

Plug 2.40 10

Churn 3.06 40

Annular 1.62 90

sensor is high enough to guarantee an appropriate descrip-
tion of the phenomena. In consideration of the thin mea-
surement volume achieved with the architecture of the void
fraction sensor, it is therefore possible to claim the general
satisfactory performances of the sensor with respect to its
spatial and temporal response. As a matter of fact, low noise
influence and good spatial and temporal response represent
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Figure 7: Calibration curve.

one of the main goals which the design and calibration of the
void fraction sensor herein described wished to achieve.

Concerning the dynamical behaviour of the time series
reported in Figure 8, it is worth observing that, though
several important differences exist between the time series
of most flow patterns, with the exception of bubble flow,
all of the time series are characterised by relevant amplitude
and frequency differences between consecutive oscillations,
showing the non-periodical nature of the system dynamics.
Nonetheless, the repetition of similar waveforms seems to be
a common feature of the various flow patterns, indicating
that some kind of recurrent dynamics can be distinguished
for each flow pattern. This result agrees with the analyses
of the autocorrelation and of the power spectral density dis-
tributions of the experimental time series reported in a pre-
vious preliminary study [19] for analogous flow patterns
detected with the same experimental apparatus. In [19] it
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Figure 8: Experimental void fraction time series for the various flow patterns as reported in Table 2: (a) bubble flow; (b) cap flow; (c) slug
flow; (d) plug flow; (e) churn flow; (f) annular flow.

was shown that, though a strong autocorrelation in the time
series seems to indicate the deterministic nature of the exper-
imental two-phase flow patterns, their complexity poses a
limit to the validity of Fourier analysis and results in a
typical broad-band power spectrum. As well known, both
these observations hint at a deterministic source of chaotic
dynamics, which cannot be satisfactorily described by means
of previous linear tools.

Several studies [20–24] have claimed the existence of
chaos in two phase flows but reported results are in general
prone to relevant uncertainty due both to the general unsat-
isfactory spatial and temporal resolution of the experimental
time series and to the strong influence of noise or of noise-
like dynamics. Therefore, considering the satisfactory perfor-
mance of the void fraction sensor described in this study in
terms of both reduced noise influence and spatial and tem-
poral time series resolution, [19] also reported the morpho-
logical analysis of the attractors of the experimental time
series, evidencing the existence of a well-defined and regular
structure in phase space, that is, a first important hint of
deterministic chaotic behaviour.

In consideration of the innovations introduced both in
the sensor design and construction as well as in the calibra-
tion of the sensor, part of the experimental analysis aims
at validating the performance of the sensor through the
comparison with similar sensors. In particular, in the
present study, the focus has been posed on verifying the
correspondence between the statistical distributions of the

measurements detected by the sensor with those reported
in literature for the same kinds of flow patterns. In fact,
the analysis of the statistical distribution of the experimental
time series is indeed among the preferred tool to classify and
distinguish the various flow patterns.

Figure 8 reports the distributions of the Probability Den-
sity Function (PDF) for the time series of the void fraction
measurements detected during the experimental test report-
ed in Table 2 and plotted in Figure 8. From the analysis of
Figure 9 emerges that the application of PDF analysis to
the time series detected during the experimental campaign
allows a clear classification of two-phase flow patterns. In
fact, for each flow pattern, the PDF is characterised by a well-
defined distribution. Moreover, what is particularly relevant
for the aims of the present study is that the PDFs calculated
from the experimental time series well-correspond to the
distributions reported in literature for the same kind of flow
patterns [2, 3, 15]. In other terms, the sensor performances
are satisfactory not only in terms of spatial and temporal res-
olution and of low influence of noise, but also in terms of
information content in view of flow pattern classification.

Therefore, future studies will be concerned on the ex-
ploitation of nonlinear tools both for the analysis of the ex-
perimental time series detected by means of the void fraction
probe described in the present study and for the assessment
of reliable criteria for flow pattern classification, based on an
appropriate consideration of the complexity of the dynamics
of two-phase flows.
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Figure 9: Distribution of the probability density function of the experimental void fraction time series for the various flow patterns as
reported in Table 2: (a) bubble flow; (b) cap flow; (c) slug flow; (d) plug flow; (e) churn flow; (f) annular flow.

4. Conclusions

This study is concerned with the design, construction, and
calibration of an impedance probe for the measure of void
fraction in air-water two-phase flows. The main goal in the
definition of the sensor has been devoted to achieve high-
spatial and -temporal resolution of the experimental void
fraction time series, by means of appropriate geometrical
design of the probe electrodes and electronic assessment
of the data acquisition system. The adopted calibration
procedure has been based on an estimation of void fraction
through the implementation of a code for automatic extrac-
tion of bubble contours and the correction of image distor-
tions.

For the entire spectrum of the possible flow patterns
observed during the experimental campaign, the preliminary
analysis in the time domain of the experimental time series
detected by means of the void fraction probe, as well as
the flow pattern classification based on the traditional PDF
analysis, has pointed out the low influence of noise and the
high-spatial and -temporal resolution of the experimental
time series.

These are fundamental characteristics of the time series
in view of the application of innovative tools of analysis
oriented towards an accurate description of the complexity
of nonlinear dynamical behaviour characterizing two-phase
flow.
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